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From pairwise mixed infections of different reovirus wild-type isolates (T3 Dearing plus T1 Lang or plus T2 Jones) the
progeny virus is phenotypically mixed, i.e., progeny viral particles contain proteins derived from both parents but the
corresponding genes derived from only one parent. Experiments with differential inactivation of virus progeny of mixed
infections by monoclonal antibodies or by 33% ethanol reveal phenotypic mixing of two outer shell proteins, s1 and probably
m1. Phenotypic mixing of the m1 protein, the product of the M2 gene, is a possible explanation for the recent observation
of M2 gene-linked dominant interference between reovirus isolates (M. N. Rozinov and B. N. Fields. 1994. J. Virol. 68, 6667–
6671). q 1996 Academic Press, Inc.
The mammalian reovirus genome consists of 10 dou- inant interference of wild-type reovirus isolates, which is
ble-stranded RNA segments (dsRNAs) enclosed in a dou- linked to the M2 gene encoding the m1 protein (13).
ble protein shell (reviewed in ref. 1). The outer shell is If the progeny of mixed virus infections is phenotypi-
composed of two major proteins: m1 and s3, both pro- cally mixed, then the phenotype of the mixed virus will
teins are present at approximately 600 copies per virion differ from the phenotypes of either of the parental vi-
(2, 3). The third outer shell protein is the viral hemaggluti- ruses. To identify phenotypic mixing, we compared to a
nin s1 [48 copies per virion (4, 5)]. These three surface panel of chemical and physical agents sensitivities of
proteins control a great majority of reovirus functions mixed virus progeny vs both parents. An important prop-
and features (1). We were interested in whether these erty of these agents was a capacity to differentially inacti-
proteins showed phenotypic mixing in the progeny of vate parental viruses. Furthermore, it is important for a
reovirus mixed infections. If so, mixed virus particles study of this kind to know the proportion of the corre-
could serve as a valuable system for studies of positive sponding parental proteins in the mixed virus progeny.
and negative dominance of isolate-specific proteins. Therefore, as a first step, we calculated the ratios of
By definition, phenotypic mixing in viruses means that parental proteins in the progeny of mixed infections, T3
an individual progeny viral particle (following mixed infec- Dearing (T3D) plus T1 Lang (T1L) and T3D plus T2 Jones
tion) contains proteins derived from both parental ge- (T2J). Proteins of CsCl-purified mixed viruses were re-
nomes. Phenotypic mixing has been previously shown solved by electrophoresis in discontinuous SDS–PAGE
to occur in rotavirus, a member of family Reoviridae (6) followed by Coomassie staining of gels and quantitative
and in other nonenveloped viruses (7, 8) as well as in laser densitometry of stained protein bands (Fig. 1). The
enveloped viruses (9 – 12). To test for phenotypic mixing parental viruses T3D (lane 5) and T1L (lane 6) clearly
in reovirus, we used chemical and physical agents able differed in amounts of s1 protein per virion. This feature
to differentially inactivate parental viruses. The rationale was likely a consequence of partial dissociation of s1
was as follows: if the mixed virus differs from the additive T3D during isolation and purification of the virus (Nibert,
sum of the parents in sensitivity (or resistance) to these unpublished) and was not due to differential Coomassie
agents, then phenotypic mixing is taking place. We report staining of the proteins because other detection methods
here that phenotypic mixing occurs for at least the two such as silver staining or radioactive labeling showed the
outer shell proteins, s1 and probably m1. Phenotypic mix- same pattern (data not shown). Therefore we included a
ing is a possible explanation for the phenomenon of dom- control mixture of T3D and T1L (2.5:1 particles ratio) to
correct this problem (lane 4). Calculations of s1 ratios in
† Deceased. mixed infections T3D plus T1L (lanes 1–3) were normal-
1 To whom correspondence and reprint requests should be ad- ized to known s1 T3D/s1 T1L ratio (2.5) in lane 4 ratherdressed. Present address: National Cancer Institute, Medicine Branch,
than to actual densities of the stained protein bands. OnExperimental Retrovirology Section, Bldg. 10, 9000 Rockville Pike,
Bethesda, MD 20892. the other hand, parents T3D (lane 5) and T2J (lane 7)
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(lane 2), and 13 (lane 1) approximately coincided with
the S1 T3D/S1 T1L dsRNA ratios in the same prepara-
tions of the viruses (1.3, 4.1, and 14.0, respectively; ref.
13). In the mixed infection T3D plus T2J s1 ratio (0.8, see
lane 8) also agreed with the S1 T3D/S1 T2J dsRNA ratio
[0.90 (Rozinov and Fields, unpublished)]. Unfortunately, it
was not possible to measure the ratios of isolate-specific
proteins other than s1 in the mixed viruses because of
poor separation on gels. However, we propose that the
same proportions of isolate-specific proteins and their
dsRNAs in the mixed progeny (as was shown for s1
proteins and S1 dsRNAs, see above) may also be true
for the other proteins.
Monoclonal antibodies (Mabs) G5 and 5C6 specifically
FIG. 1. Quantitation of s1 protein ratios in the viral progeny of mixed neutralize the parental viruses (T3D and T1L, respec-
infections T3D plus T1L and T3D plus T2J. SDS–10% PAGE (23) (Coo-
tively), and the targets for both Mabs are s1 proteins (17,massie staining) of CsCl-purified viruses (24). Virion particle concentra-
tions were determined from optical density measurement (1 A260  2.1
1 1012 particles) (25). Virions (110–150 mg per lane) were disrupted
by 3 min of boiling in sample buffer. Control mixture of T3D plus T1L TABLE 1
(2.5:1 particles ratio, lane 4), T3D (lane 5), T1L (lane 6), and T2J (lane
Phenotypic Mixing of s1 Protein as Assayed by Mab7) were used as standards. Mixed viruses Mix(1 / 3) with m.o.i. of 10
Neutralization of Virusesfor both T1L and T3D (lane 2); Mix (1 / 3) with m.o.i. of 21 for T1L and
m.o.i. of 7 for T3D (lane 3); Mix (2 / 3) with m.o.i. of 50 for T2J and
Neutralizationm.o.i. of 6 for T3D (lane 8) were grown on L929 cell monolayers at 377
Virus Mab (50 mg/ml) PFU/mla (fold)afor 43 hr. Mix (1 / 3) with m.o.i. of 10 for both T1L and T3D (lane 1)
was grown in suspension cell culture at 357 for 48 hr. Reovirus proteins
T1L — 2.0 1 106 1.00are indicated to the sides of gel; U, unidentified degradation product
T1L G5 1.9 1 106 1.05from a T3D protein (see text). Sigma 1 protein ratios in the mixed
T1L 5C6 1.3 1 102 15,390viruses and in control mixture of T3D plus T1L (lane 4) are shown.
Because of different amounts of s1 T3D and s1 T1L per virion (lanes
T3D — 1.8 1 106 1.00
5 and 6), calculations of s1 ratios in the mixed infections T3D plus T1L
T3D G5 1.4 1 102 12,860
(lanes 1–3) were normalized to the s1 T3D/s1 T1L known ratio (2.5)
T3D 5C6 1.7 1 106 1.06
in lane 4 rather than to actual densities of stained protein bands.
Calculation of s1 T3D/s1 T2J ratio in mixed infection T3D plus T2J T2J — 1.7 1 106 1.00
(lane 8) reflected real densities of stained bands. Measurements were T2J G5 1.6 1 106 1.06
performed in triplicate using laser densitometry of the stained gel or
T1L / T3Db — 1.8 1 106 1.00films. All values are { not more than 19.5%.
T1L / T3Db G5 1.0 1 106 1.80
T1L / T3Db 5C6 0.9 1 106 2.00
T1L / T3Db G5 / 5C6 1.8 1 102 10,000
showed no significant difference in the amounts of their
Mix (1 / 3)c — 2.5 1 106 1.00s1 proteins and calculation of s1 T3D/s1 T2J ratio in
Mix (1 / 3)c G5 5.0 1 104 50
mixed infection T3D plus T2J (lane 8) simply reflected Mix (1 / 3)c 5C6 1.6 1 106 1.56
real densities of the stained protein bands. Another com- Mix (1 / 3)c G5 / 5C6 2.6 1 102 9,620
plication was the appearance of an unidentified band in
T2J / T3Db — 7.8 1 104 1.00
the preparations of T3D (designated ‘‘U’’ in Fig. 1). When T2J / T3Db G5 4.2 1 104 1.86
reovirus S1 T3D ssRNA (in vitro transcribed from the
Mix (2 / 3)c — 2.6 1 104 1.00plasmid harboring the cloned T3D S1 gene under control
Mix (2 / 3)c G5 1.0 1 103 26
of the T7 promoter) was translated in a rabbit reticulocyte
lysate system, we observed only the s1 and s1s protein a All values (except 1.00) are { not more than 15.5%; experiments
have been done in triplicate.products as predicted from the nucleotide sequence of
b Mixture of both viruses with equal PFUs.the T3D S1 gene (14 – 16) but not band ‘‘U’’ (Rozinov and
c Mix (1 / 3), mixed virus of T1L plus T3D (initial m.o.i. of 10 for bothFields, unpublished). Thus, the band ‘‘U’’ was probably a
viruses); Mix (2 / 3), mixed virus of T2J plus T3D (initial m.o.i. of 50
degradation product of one of the T3D proteins and was for T2J and m.o.i. of 6 for T3D). Both mixed viruses were grown for 43
not related to s1 T3D. Sigma1 T3D/s1 T1L ratios in the hr at 377 on cell monolayers.
Note. Unpurified viral lysates were diluted in gelatin–saline solutionmixed viral progeny depended on both initial m.o.i. of
(24) to a concentration of 5 1 106 PFU/ml or less, Mab (G5 or 5C6)parental viruses (Fig. 1, compare lanes 2 and 3) and the
was added to a final concentration of 50 mg/ml, and the mixture was
state of the cell culture (growth in suspension cell culture incubated for 1.5–2 hr at 377. Diluted samples were then added to
vs cell monolayers; Fig. 1, compare lanes 2 and 1). It is L929 cell monolayers in six-well multicluster plates. All further steps
were the same as those for standard reovirus plaque assay (24).important to note that s1 protein ratios 1.7 (lane 3), 5.3
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TABLE 218). Inactivation of T1L and T3D by 5C6 and G5 differed
by more than 4 orders of magnitude (Table 1). Control Phenotypic Mixing of m1 Protein as Assayed by Inactivation
mixtures of both viruses (T1L / T3D and T2J / T3D), of Viruses by 33% Ethanol
consisting of equal PFUs, were neutralized by G5 as
33% ethanol Inactivationadditive sums of the viruses because G5, specific for s1
Virus (20 min, 377) PFU/ml (fold, log10)aT3D, inactivated them by approximately 50% in each case
(Table 1), i.e., G5 neutralized only the T3D virus in the T1L 0 2.5 1 106
mixture of two viruses. Consequently, there was neither T1L / 8.0 1 104 1.50
interparticle interactions nor aggregation during viral
T3D 0 1.6 1 106
neutralization by Mabs. The mixed virus Mix(1 / 3) prog- T3D / 2.0 1 101 4.90
eny was inactivated 50-fold by G5 (Table 1). SDS–PAGE
T1L / T3Db 0 2.5 1 106analysis indicated that this virus contained 1 part of s1
T1L / T3Db / 7.0 1 104 1.55
T1L per 6.3 parts of the total s1 protein (Fig. 1, lane 2).
Mix (1 / 3)c 0 2.5 1 106Thus, if the virus was not phenotypically mixed it would
Mix (1 / 3)c / 7.0 1 102 3.55have been inactivated by G5 exactly 6.3-fold. The differ-
ence in neutralization (real neutralization 50-fold vs 6.3) a All values are { not more than 6.5%; experiments have been done
clearly indicated that the virus was phenotypically mixed. in triplicate.
b Mixture of both viruses with equal PFUs.Furthermore, the mixed virus Mix(2 / 3) was inactivated
c Mix (1 / 3), mixed virus of T1L plus T3D (initial m.o.i. of 10 for both26-fold by G5 (Table 1). Again, inactivation was signifi-
viruses), was grown for 43 hr at 377 on cell monolayers.cantly more than predicted if the virus was not phenotypi-
Note. Unpurified viral lysates were diluted 10-fold in 36.6% ethanol/
cally mixed (1.8-fold; Fig. 1, lane 8). Thus, the progeny gelatin–saline solution (the final concentration of ethanol was 33%).
virus from mixed infections Mix(1 / 3) and Mix(2 / 3) The mixture was incubated for 20 min at 377 and then diluted 100-fold
in ice-cold gelatin–saline solution, and the titer of surviving virusesbehaved as populations of phenotypically mixed viral
was determined (21).particles simultaneously containing s1 proteins derived
from both parents. There is evidence for assembly of
mixed s1 oligomers synthesized in vitro (19). Therefore,
the S4 gene encoding the s3 protein (21, 22). We com-
phenotypic mixing could occur by mixed oligomer forma-
pared the inactivation of a mixture of T2J / T3D and a
tion or by the simultaneous presence of homomeric
progeny of mixed infection of the same viruses. The re-
oligomers of both types in a single virus particle. The
sults showed that the control mixture of both viruses and
current data do not allow us to distinguish between these
the progeny of mixed infection were inactivated approxi-
two possibilities since a number of free oligomers (per
mately to the same degree (data not shown). Thus, we
virion) required for 100% of reovirus infectivity is as large
failed to find any evidence for phenotypic mixing involv-
as three (20).
ing the s3 protein using this assay.
The differential sensitivity of reovirus serotypes to 33%
In conclusion, phenotypic mixing of different isolate-
ethanol has been previously shown to map to the M2
specific proteins requires their ability to assemble into a
gene encoding the m1 protein (21, 22). We used this
mosaic virus that is still able to survive. As evidenced by
chemical agent as a probe for phenotypic mixing of the
the apparent s1 and m1 phenotypic mixing, it is likely
m1 protein. The parental viruses T1L and T3D were inacti-
that most of the isolate- or serotype-specific proteins
vated 1.5 and 4.9 orders of magnitude, respectively (Ta-
have not evolved too far from each other to be incompati-
ble 2). A control mixture of T1L and T3D behaved as the
ble in assembly of the viable virus. However, in some
additive sum of both viruses, showing that there were
cases related proteins are not able to assemble the via-
no interparticle interactions during ethanol inactivation
ble phenotypically mixed virus. This could explain our
(Table 2). The mixed virus Mix(1 / 3) was inactivated
failure to detect phenotypic mixing of the s3 proteins.
approximately 112 times more than T1L parent (103.55-1.50
Alternatively, the assay used may not allow detection 112, see Table 2). We do not know the fraction of m1
of mosaic particles. Most importantly from this study,
T1L in the total m1 protein in the mixed virus; however,
phenotypic mixing of the m1 protein serves as a possible
we assume that protein and corresponding dsRNA ratios
explanation for the phenomenon of M2 gene-linked domi-
coincide as for the s1 proteins and the S1 dsRNAs (see
nant interference between reovirus isolates (13).
above). In this case if virus was not phenotypically mixed,
its titer would have been reduced only 11.2-fold [virus
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